Abstract-Fabrication of a self-packaged partial semicircular nanoporous microchannel is demonstrated using electrospinning, self-limiting ultraviolet lithography, and thermal-reflow packaging processes with SU-8. The fabrication process offers unique advantages of microresolution channel patterning, alignment free seamless integration of nanofibers in a microchannel by self-packaged reflow, and easy formation of 3-D nanoporous channels. A fabricated nanoporous microchannel with a channel length of 7 mm, a channel width of 73.85 µm, and a channel height of 34.65 µm shows slow fluidic flow through the channel, functioning as an effective nanochannel with an equivalent channel height of 800 nm and a radius of 857 nm, and therefore, its reduction ratios of the channel height and radius are ∼97.7% and 97.8%, respectively.
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I. INTRODUCTION
Nanofluidic systems have a wide range of applications for liquid handling in the field of bionanotechnology with high efficiency, high resolution, and cost-effective analysis and synthesis. They provide new opportunities to investigate fundamental nanoscale transport phenomena and their applications for analysis tools of ion mass spectrometry, gas and liquid chromatography, pH meters, and capillary electrophoresis [1] . In a nanofluidic system, a nanochannel or nanoporous microchannel is a key component while its efficient fabrication and its cost-effective integration with other fluidic parts remain as big challenges.
Previously, various innovative channel fabrication techniques based either on nanoimprinting [2] , e-beam lithography [3] , laser machining [4] , or deep reactive-ion etching with bonding processes [5] have been reported. However, these techniques suffer from several limitations such as slow production rate and low integrability, requiring expensive equipment, complicated fabrication process steps, and high fabrication cost. Elastomer polymers such as poly(dimethylsiloxane) (PDMS) are utilized for tunable nanochannel by applying external force to deform the material [6] . This technique, however, has shown limited patternability and integrability. Ultraviolet photolithography is a standard manufacturing process used to transfer patterns from photomask to photopatternable polymer with micrometer resolution. It offers flexibility in forming various channel shapes while it is a challenge to precisely produce an accurate channel depth in the range of nanometers. As electrospun nanofibers show an effective pore size in the range of nanometers, researchers have started to investigate how to control the pore size and utilize the nanoporous architecture for different applications. Highly aligned nanofibers have been demonstrated with different bias schemes of collectors or a rotating collector with an optimized rotating speed [7] - [9] . Previously, replication of electrospun nanofibers has been demonstrated with a channel size down to 50 nm [10] . However, the nanofiber patternability still remains as a challenge. Recently, direct photolithography based patterning of SU-8 nanofibers has been reported for electrodes of high energy density supercapacitors [11] . The supercapacitor takes advantage of the large surface area of the nanofibrous electrodes. Meantime, it is envisioned that photopatternable nanofibers can be utilized for a nanoporous microchannel. One of the challenges to use such nanofibers for microfluidic analysis systems is their seamless integration with a micro channel in a cost-effective and scalable manner.
In this work, we demonstrate a fabrication method for a nanoporous microchannel using electrospun SU-8 (Microchem, Inc.) nanofibers, self-limiting photolithography patterning, and thermalreflow packaging processes. Fabrication and characterization of an integrated micro/nano hybrid fluidic structure, e.g. with overall micro scale channel and nanochannel characteristics, is detailed.
II. THEORY
The hybrid fluidic structure is shown in Figure 1 , which consists of a glass substrate with a patterned chrome layer, an SU-8 nanofibrous microchannel, an SU-8 thin film for a channel wall, and two PDMS 1057-7157 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. O-ring shape reservoir walls. The SU-8 thin film microchannel is designed to have a length of 7 mm, a width of 75 μm, and a height of 35 μm. The microchannel is filled with SU-8 nanofibers to provide nanoporosity. The PDMS reservoir walls, which have an inner diameter of 2 mm and an outer diameter of 4 mm, are placed at both ends of the channel and are interconnecting the pumping system and the channel. Theoretical model of fluid flow in a microchannel with a partial semi-circular profile driven by the capillary force and gravity has been demonstrated [12] , [13] . For the simplification of the analytical model, several hypotheses are used as follows. The fluid forms incompressible Newtonian flow, two-dimensional fully developed laminar flow, and has negligible end effects, surface roughness, and gravity. The volumetric flow rate can be derived as in Eq. (1) [12] .
where r eff , η, k are the effective radius of a microchannel, the viscosity of liquid, and the ratio of the height and radius of the semi-circular profile, respectively. The pressure gradient along the microchannel can be determined as in Eq. (3) [13] .
where L, H, σ , θ, are the length of the microchannel, the height of the liquid in reservoir, the surface tension of the liquid, and the contact angle, respectively. The flow time in the nanochannel can be calculated as in Eq. (4). 
III. EXPERIMENTAL
The designed nanofibrous microchannels have been fabricated using electrospinning of SU-8, self-limiting back-side ultraviolet (UV) lithography, and thermal reflow processes as shown in Figure 2 . First, 120 nm thick chrome layer is sputtered on a glass substrate, followed by UV lithography with a positive resist, Shipley S1818 and subsequent chrome etching processes to form a photomask for the microchannel (A). An SU-8 electrospinning solution is prepared by diluting SU-8 2025 with Dimethylformamide (DMF) to give a concentration of 90 % SU-8 2025. The solution is then carefully loaded into a syringe without introducing air bubbles and capped with a hypodermic needle. A syringe pump is used to maintain a pump rate of 1 ml/hour for steady droplet formation at the needle tip while the needle tip is connected to a high voltage power supply. Then, SU-8 nanofibers are electrospun to have a nanofiber stack thickness of 400 μm using the standard electrospinning setup with an electric field of 1 kV/cm and a distance between the needle tip to collector of 15 cm (B). Third, SU-8 nanofibers are dried in a vacuum oven for 24 hours and then back-side UV exposure (i-line: 365 nm) with 400 mJ/cm 2 is performed (C). Since there is large optical refractive index mismatch between SU-8 (n SU-8 = 1.68) and air (n air = 1) while there is similar dimensional match between the diameter of the nanofibers (d SU-8 = 314.4±7 nm) and the wavelength of UV light source (λ UV = 356 nm), significant scattering and diffraction occurs, limiting three dimensional (3-D) patternability of SU-8 nanofibers to 34.6 ± 4.1 μm [14] , [15] , which results in low optical dosage on the top portion of the SU-8 nanofiber stack. This self-limiting exposure enables the top portion of the SU-8 nanofiber stack as well as the unexposed SU-8 nanofibers to reflow during the post exposure bake to form conformal channel walls around the nanofibrous microchannel. It should be noted that the cross-section of the microchannel shows a semi-circle, which is attributed to the light diffraction effect and would be advantageous in many microfluidic systems on contrast to a microchannel with a rectangular cross-section as the circular one has less corners and dead zones. This self-packaged conformal channel enables seamless integration between the nanofibers and the microchannel. The channel walls can be polymerized after further UV exposure and post exposure baking (D).
IV. DISCUSSION
The scanning electron microscope (SEM) (JEOL 5700) images of the fabricated SU-8 nanofibrous microchannel are shown in Figure 3 . The images of 3a and 3b show 45°and 90°angled views of the completely sealed SU-8 nanofibrous microchannel, respectively. It is clearly seen that the microchannel is completely filled with nanofibers and the channel ceiling and sidewalls are conformally covered with the reflown SU-8 solid membrane. The nanofibrous microchannel has a porosity of 24.37% with a pore size of 0.97 μm 2 and a height to radius ratio of 0.93 based on the imaging process (Image J, Scion Co.). The height and width of the microchannel decrease from 34.5 μm to 28.6 μm and 73.9 μm to 46.0 μm for an initial electrospun nanofiber stack thickness of 400 μm to 673 μm, respectively. It is speculated that the longer electrospinning process has more uncrosslinked SU-8 on the nanofibrous microchannel, which pushes the reflown SU-8 inside the nanofiber stack by gravity, resulting in a smaller microchannel dimension. Therefore, the reflow effect can be exploited for the channel construction as a process parameter. The microchannel's dimension can be controlled not only by the initial channel mask dimensions and exposure dosage but also the SU-8 nanofiber thickness and reflow.
De-ionized (DI) water colored with food dye is used for flow time measurement. The DI water's density, viscosity, surface tension, and contact angle are 1000 kg/m 3 , 8.9×10 −4 Pa·s, 0.00729 N/m, and 60°, respectively [16] . The average length of the fabricated nanofibrous microchannel is 7 mm, and the measured time for DI water to pass through the microchannel is 232 seconds. Figure 4 shows the optical microscopy images of colored DI water with blue food dye flowing through the nanofibrous microchannel for 240 seconds, where each image is captured in every 40 seconds. The calculated effective height and radius of the nanofibrous microchannel from Eq. (4) is 800 nm and 857 nm, respectively. The nanofibrous microchannel shows identical performance obtained from the capillary flow measurement as partial semi-circular nanochannel and it is suitable for nanofluidic system specifications with the nanoporous morphology of nanofibers.
V. CONCLUSIONS
A simple, controllable, cost effective, self-packaged, integrable and manufacturable method to fabricate a hybrid micro/nano fluidic device with overall microchannel dimensions and nanochannel characteristics has been demonstrated. The nanofibrous microchannels have been fabricated by electrospinning with diluted SU-8, followed by the standard photolithography and thermal reflow processes. The seamless microchannels filled with SU-8 nanofibers have been successfully demonstrated. The microchannel dimensions and effective microchannel height have been studied using a flow test and the equation derived from the Navier-Stokes theorem. As the overall channel is in microscale, it can be easily integrated with other microfluidic systems while it functions as a nanochannel. The microchannel dimension is mainly governed by the initial photomask pattern dimensions, the self-limiting UV lithography in non-homogeneous nanofibrous media while the final dimension can be tuned in part by the thickness of the electrospun nanofibers and reflow. The results indicate that the hybrid micro/nano structure is suitable for nanoscale transport applications.
